Background: Heat shock proteins bind TPR-containing proteins to facilitate client folding. Results: The TPR domain of PP5 and the C-terminal IEEVD of Hsp70 are important for binding. Conclusion: Hsp70 binds through the TPR domain and activates PP5 phosphatase activity. Significance: Small molecules to inhibit Hsp70-PP5 interaction may be an alternative approach for cancer therapy.
Protein phosphatase 5 (PP5) is auto-inhibited by intramolecular interactions with its tetratricopeptide repeat (TPR)
domain. Hsp90 has been shown to bind PP5 to activate its phosphatase activity. However, the functional implications of binding Hsp70 to PP5 are not yet clear. In this study, we find that both Hsp90 and Hsp70 bind to PP5 using a luciferase fragment complementation assay. A fluorescence polarization assay shows that Hsp90 (MEEVD motif) binds to the TPR domain of PP5 almost 3-fold higher affinity than Hsp70 (IEEVD motif). However, Hsp70 binding to PP5 stimulates higher phosphatase activity of PP5 than the binding of Hsp90. We find that PP5 forms a stable 1:1 complex with Hsp70, but the interaction appears asymmetric with Hsp90, with one PP5 binding the dimer. Solution NMR studies reveal that Hsc70 and PP5 proteins are dynamically independent in complex, tethered by a disordered region that connects the Hsc70 core and the IEEVD-TPR contact area. This tethered binding is expected to allow PP5 to carry out multi-site dephosphorylation of Hsp70-bound clients with a range of sizes and shapes. Together, these results demonstrate that Hsp70 recruits PP5 and activates its phosphatase activity which suggests dual roles for PP5 that might link chaperone systems with signaling pathways in cancer and development.
Protein phosphatase 5 (PP5)
2 is a member of the PPP family of serine/threonine-specific phosphatases and has been linked to signaling pathways that control growth arrest, apoptosis, and DNA damage repair (1) (2) (3) . Specifically, PP5 plays important roles in regulating the dynamic phosphorylation of p53, ASK-1, MAPK, and many other signaling components (2, 5, 6) . PP5 also has been implicated in the regulation of glucocorticoid receptor, although the mechanism is controversial (1, 7). Additionally, PP5 levels are elevated in human breast cancer (8) . Together, these studies have suggested that PP5 may be a novel target for anti-cancer therapies (9) . However, the catalytic subunit of PPP phosphatases is highly conserved, and it has been difficult to develop selective, competitive inhibitors of these enzymes (10) . In addition to its catalytic domain, PP5 is the only member of the PPP family that contains an N-terminal tetratricopeptide repeat (TPR) domain (11, 12) . TPR domains are assembled from repeats of an amphipathic antiparallel helix that assemble into superhelical structures bearing a concave central groove (13) (14) (15) (16) . PP5 has been shown to interact with the molecular chaperones heat shock protein 70 (Hsp70) and heat shock protein 90 (Hsp90) (17) (18) (19) (20) (21) . Specifically, the TPR domain of PP5 binds to cytoplasmic Hsp90 homologs, Hsp90␣ (stressinducible) and Hsp90␤ (constitutively active), through a conserved MEEVD motif that is located at the end of the C termini of these chaperones (17) (18) (19) (20) . Although biochemical data illustrates that an MEEVD peptide has high affinity for the TPR domain of PP5 (ϳ50 nM), solution phase NMR studies revealed that this interaction is highly dynamic with only few enduring contacts (19, 20) . Comparatively less is known about how PP5 interacts with Hsp70. Co-immunoprecipitation studies suggest that PP5 binds Hsp70 (21) , but it is not yet clear how PP5 interacts with this chaperone or whether the TPR domain is involved. Based on the Hsp90-PP5 complex, it is likely that this interaction occurs through the IEEVD motif at the C termini of the cytoplasmic Hsp70 family members, including heat shock cognate 70 (Hsc70; HSPA8) and heat shock protein 72 (Hsp72; HSPA1A).
PP5 belongs to a family of TPR domain-containing co-chaperones that includes Hop (Hsp70/90 organizing protein), CHIP (carboxyl terminus of Hsp70 interacting protein) and a number of immunophilins such as FKBP52 (FK506 binding protein 52 kDa). Members of this co-chaperone family bind to Hsp70 and/or Hsp90 at these chaperones' C-terminal EEVD motifs. In turn, the TPR co-chaperones are important regulators of chaperone function (16) (22, 23) . For example, complexes between CHIP and either Hsp70 or Hsp90 are linked to the ubiquitination and therefore the proteasomal degradation of chaperonebound clients. Likewise, a complex between these chaperones and HOP is critical to the folding of some clients such as nuclear hormone receptors (24 -26) . Additionally, FKBP52 couples clients of Hsp70 and Hsp90 to the cytoskeleton (27) . However, less is known about the Hsp70-PP5 and Hsp90-PP5 complexes and their potential roles in the protein homeostasis network. One important clue comes from observations that the TPR domain and the C-terminal catalytic subunit of PP5 have an auto-inhibitory function, suppressing phosphatase activity. Indeed, binding of Hsp90 to the TPR domain has been reported to weakly activate PP5 (14) . However, it is not yet clear whether Hsp70 also binds the TPR domain or whether this interaction activates PP5.
Toward these questions, we characterized the interaction of Hsp70 and Hsp90 with PP5, using a panel of cell-based assays and biophysical methods. These studies confirmed that PP5 binds Hsp70 and Hsp90 through the canonical EEVD motifs. However, we found that C-terminal peptides derived from Hsp90␣/␤ bind to PP5 10-fold tighter than C-terminal peptides derived from Hsc70/Hsp72. Despite the weaker affinity of Hsp70 for PP5, this chaperone was far more effective at stimulating the phosphatase activity of PP5. Additionally, solution phase NMR studies showed that Hsp70 and PP5 move independently of each other in the bound complex, suggesting that the disordered C terminus of Hsp70 allows the activated PP5 to "sample" a relatively large area around the chaperone. This ultra-structure might be important in allowing PP5 to act on a wide range of chaperone clients. Together, these results suggest that the Hsp70-PP5 complex is a potent phosphatase that might link chaperone systems with signaling pathways in cancer and development. Plasmid Construction-C-terminal Renilla luciferase (CRL, residues 1-229) and full-length Hsp70 or Hsp90 (upstream of CRL) were PCR-amplified and subcloned into a pLentilox RSV-2 dsRed vector using the following restriction site design: BamHI-Hsp72-Xba1-CRL-Not1 and Xma1-HSP90␣-BamHI-CRL-Xba1. In these fusion constructs, the stop codon of Hsp70/90 was deleted. Similarly, N-terminal Renilla luciferase (NRL, resides 230 -311) and full-length PP5 (downstream of NRL) were amplified and subcloned into the pLentilox RSV vector using the following restriction site design: BamHI-NRLXba1-PP5-Not1. In this construct, the NRL stop codon was deleted. All fusion constructs (Hsp70/90-CRL and NRL-PP5) contained a GGGGSGGGGS (G 4 S) 2 peptide linker between the protein of interest and the Renilla luciferase reporter (28) . After all sequences were confirmed at the University of Michigan DNA sequencing core, lentiviral particles containing these constructs were purchased (University of Michigan Vector Core) to create a stable cell lines for additional studies.
EXPERIMENTAL PROCEDURES
Cell Transduction and SRL-PFAC Assay-HEK293 cells were plated using DMEM (Invitrogen) with 10% FBS and no antibiotics into a six-well tissue culture plate. Cells were allowed to adhere and grow for 1 day (ϳ70% confluent) before transduction. The next day, fresh media without antibiotics (1.35 ml), 0.15 ml of 10ϫ lentiviral particles (either Hsp70-CRL, Hsp90-CRL, or NRL-PP5), and polybrene linker to a final concentration of 8 g/ml was added to each well. After an incubation period of 8 h at 37°C and 5% CO 2 , the medium was replaced with DMEM with 10% FBS and 1% antibiotic-antimycotic. For cells that contained both HSP70/90-CRL and NRL-PP5 viral particles, the above procedure first performed with Hsp90/ Hsp70-CRL viral particles. Using these cells, the same procedure was repeated a second time; however, NRL-PP5 lentiviral particle was added. The HSP70/90-CRL and PP5-NRL viral particles contained dsRED and GFP, respectively. Cells containing Hsp90-CRL, Hsp70-CRL, NRL-PP5, Hsp90-CRL ϩ NRL-PP5, and Hsp70-CRL ϩ NRL-PP5 constructs were then seeded into a 24-well plate at a density of 5,000 cell/wells and allowed to grow overnight at 37°C and 5% CO 2 . The following day, the medium was removed, and the cells were washed with phosphate-buffered saline. Luciferase activity determined using the Renilla-GLO luciferase assay system kit. Briefly, following washing, 100 l of 1ϫ passive lysis buffer was added to each well and plates were allowed to shake for 15 min at room temperature. Afterward, 1ϫ luciferase substrate was added, and the luminescence was measured using Biotek Synergy 2 plate reader.
Protein Purification-Full-length PP5 and Hsp90 were expressed in Escherichia coli BL21(DE3) cells from pMCSG9 plasmids. A fresh colony was grown in terrific broth medium supplemented with 50 mg/liter ampicillin at 37°C with shaking at 250 rpm until A 600 reached ϳ0.8 and protein expression was induced by the addition of isopropyl 1-thio-␤-D-galactopyranoside (final concentration of 1 mM). The temperature was reduced to 18°C, and the culture was allowed to shake overnight. Cells were harvested by centrifugation (4000 ϫ g, 10 min, 4°C). Cell pellets was suspended in lysis buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 10 mM imidazole (pH 8.0)) and sonicated on ice, and clarified by centrifugation at 15,000 ϫ g for 30 min. The His-tagged proteins were purified using a nickel-nitrilotriacetic acid (Qiagen) column. The eluted protein was subjected to dialysis (PP5 buffer, 40 mM Tris-HCl, pH 7.4, 10% glycerol, 1 mM DTT, and HSP90 buffer, 20 mM Tris-HCl, pH 7.4, 20 mM NaCl, 10% glycerol, 1 mM DTT). Proteins were treated with His-tagged tobacco etch virus protease TEV protease (1 M) overnight at 4°C to remove tags. This process was repeated a second time prior to extensive dialysis and removal of any residual His-tagged protein by nickel-nitrilotriacetic acid column. Human Hsp70s (pMCSG7 vector) were expressed in E. coli BL21(DE3) cells using terrific broth medium supplemented with 50 mg/liter ampicillin at 37°C with shaking at 250 rpm until A 600 of ϳ0.8 was reached. Additionally, Hsc70 protein was isotopically labeled for all NMR experiments. For labeled Hsc70, the BL21 cells were grown M9 media with 15 NH 4 Cl (Sigma Aldrich). The temperature was reduced to 18°C, and the culture was allowed to shake overnight. Cells were harvested by centrifugation (4000 ϫ g, 10 min, 4°C). All Hsp70s were purified as described (29), and His tags were removed via TEV protease. Final purification was performed on an ATP agarose column. All protein concentrations were measure using the Pierce BCA protein assay kit according to the manufacturer's protocol. To verify Hsc70 was not aggregated, the raw fluorescence values of the parallel and perpendicular intensity using fluorescence polarization shows no indication of aggregation. In addition, non-binding and binding tracer in fluorescence polarization was also used to confirm Hsc70 was not aggregated. NMR structure showed no sign of Hsc70 aggregation.
Peptide Synthesis-All peptides were synthesized manually or with an ABI 433 peptide synthesizer using Fmoc chemistry with 2-chlorotrityl resin as the solid support. Either DIC/HOAt or HOBt/HBTU was used as the coupling reagent. Following completion of the peptide, a cleavage mixture composed of TFA/triisopropylsilane/H 2 O (19 ml:0.5 ml:0.5 ml) removed the peptide from the resin as well as any side chain protecting groups. The resulting solution was evaporated, and the crude peptide was precipitated with diethyl ether. Peptides were purified via RP-HPLC (Waters, Sunfire Prep C18, 19 mm ϫ 150 mm, 5 m) and confirmed by electrospray ionization mass spectroscopy (30) .
Fluorescence Polarization Assay-All fluorescence polarization experiments were conducted in 384-well, black, low volume, round-bottomed plates (Corning) using a BioTeck Synergy 2 plate reader (Winooski, VT). For binding experiments, to each well was added increasing amounts of protein and the 5-carboxyfluorescein-labeled Hsp70/90 C-terminal probe/ tracer (20 nM). For competition studies, each well had PP5 protein at a concentration equivalent to the K d , 5-carboxyfluorescein-labeled peptide was held constant at 20 nM, and varying concentrations of unlabeled peptide was added to compete off labeled peptide. All wells had a final volume of 20 l in the assay buffer (40 mM Tris-HCl, pH 7.4, 10% glycerol, 1 mM DTT). The plate was allowed to incubate at room temperature for 5 min to reach equilibrium. The polarization values in millipolarization units were measured at an excitation wavelength at 485 nm and an emission wavelength at 528 nm. An equilibrium binding isotherm was constructed by plotting the fluorescence polarization reading as a function of the protein concentration at a fixed concentration of tracer (20 nM). All experimental data were analyzed using Prism software (version 5.0, Graphpad Software, San Diego, CA) and WinNonlin (version 5.3).
Protein NMR Experiments-NMR data were collected using an Agilent/Varian NMR System with a room temperature triple resonance probe, interfaced to an Oxford instruments 18.7 tesla magnet ( 1 H 800 MHz). Backbone assignments for the C terminus of Hsc70 were reported previously (38) . Experiments for studying the interaction of PP5 with Hsc70 were carried out using full-length PP5 and full-length 15 N-labeled Hsc70 in the following buffer: 50 mM HEPES, 75 mM NaCl, 1 mM ADP, 5 mM MgCl 2 , 0.02% NaN 3 , 0.01% Triton, pH 7.4, 30°C. The TROSY spectrum with 1:0 Hsc70/PP5 was recorded in 10 h with a sample of 254 M Hsc70. The spectrum with 1:1 Hsc70/PP5 was recorded in 22 h with a sample of 169 M Hsc70 and 149 M PP5. The two spectra have the same intrinsic signal to noise ratio ((254/169) 2 ϭ 2.25).
Size Exclusion Chromatography and Multi-angle Light Scattering (SEC-MALS)-PP5-Hsp70
and PP5-Hsp90 complexes were formed by incubating proteins at equal molar concentrations (10 M) in binding buffer (100 mM KCl, 20 mM HEPES (pH 7.5), 7 mM ␤-mercaptoethanol) at room temperature for 30 min. Identification and molecular weight determination of complexes was achieved through SEC (Wyatt WTC-050S5 and WTC-030S5 columns) with an Akta micro FPLC (GE Healthcare) and in-line DAWN HELEOS MALS and Optilab rEX differential refractive index detectors (Wyatt Technology Corp.). SEC was performed in 100 mM KCl, 20 mM HEPES (pH 7.5). Data were analyzed by the ASTRA software package (version 6, Wyatt Technology Corp.). The two spectra have the same intrinsic signal to noise ratio ((254/169) 2 ϭ 2.25). p-Nitrophenyl Phosphate Assay-Purified PP5, Hsp70, and Hsp90 were immobilized in 4HBX 96-well plates (Thermo Scientific) and diluted with ELISA buffer (BioLegend). Equal molar concentration of protein was added to each well, and the plate was incubated overnight at 4°C. Protein concentrations ranged from 50 to 0.5 M. The following day, p-nitrophenyl phosphate (Fisher Scientific) was used according to the manufacturer's instructions. Once p-nitrophenyl phosphate substrates were added to the plates, they were incubated at 37°C for 1 h. After color change, the OD405 was measured on the Biomatrix Plate Reader Synergy 2. The enzymatic activity was calculated using the following equation, 
RESULTS

SRL-PFAC Confirms That Hsp70 and Hsp90
Bind to PP5 in Cells-Previous co-immunoprecipitation studies have suggested that PP5 interacts with both Hsp70 and Hsp90 in cells (21) . To confirm this result, we utilized the SRL-PFAC system, which has proven to be a powerful method for studying proteinprotein interactions in cells (31) . In this assay, the full-length Renilla luciferase gene is divided into inactive halves, the NRL (residues 1-229) and the CRL (residues 230 -311). The NRL and CRL will reconstitute functional luciferase if they are brought into close proximity. To explore whether Hsp90 and Hsp70 bind PP5, we created constructs that would express NRL-PP5, Hsp70-CRL, or Hsp90-CRL fusion proteins (Fig. 1A) . We anticipated that a luminescence signal would be detected only if Hsp90 or Hsp70 interacts with PP5 (Fig. 1B) . When HEK293 cells were transduced with viral vectors expressing either NRL-PP5, Hsp70-CRL, or Hsp90-CRL alone, low luciferase activity was measured (Fig. 1C) . However, cotransduction with either the NRL-PP5ϩHsp70-CRL pair or the NRL-PP5ϩHsp90-CRL pair led to enhanced luciferase activity (Fig. 1C) , consistent with the interaction of PP5 with both chaperones in cells. We also examined at a control pair (NRL-PP5ϩHOP-CRL) if nonspecific complementation would occur. As expected, no complementation of two luciferase fragments (NRL and CRL with low luciferase activity) was observed (data not shown).
PP5 Binds to the C Terminus of Hsp90 with Higher Affinity Than to Hsp70-Binding of TPR co-chaperones such as HOP or CHIP to Hsp70 and Hsp90 is typically mediated by contacts between the TPR domain and the C-terminal EEVD motif that is shared by both chaperones (32) (33) (34) . To explore the affinity of the Hsp70/90 C terminus (Table 1) for PP5, we developed a fluorescent MEEVD tracer and measured its binding to PP5 by fluorescence polarization. In this platform, the MEEVD tracer had a K d value of 0.14 Ϯ 0.005 M (Fig. 2B) , consistent with literature values (20) . This interaction appeared to be specific, because the reverse tracer (DVEEM) had weak affinity for PP5 (K d Ͼ 10 M) (Fig. 2A) . Next, we assessed the ability of an Hsp70-derived IEEVD tracer to bind PP5. This tracer had a ϳ3-fold weaker affinity for PP5 (K d ϭ 0.426 Ϯ 0.06 M) (Fig.  2B ). We were then curious to see whether the homologs of the chaperones might have different affinities for PP5. We found that 10-mer tracers derived from the C termini of Hsc70 and Hsp72 had comparable affinities for PP5, with K d values of 1.06 Ϯ 0.34 and 1.55 Ϯ 0.43 M, respectively (Fig. 2C) . Additionally, the Hsp90␣ and Hsp90␤ tracers bound to PP5 with similar affinities, with K d values of 0.079 Ϯ 0.02 and 0.077 Ϯ 0.02 M, respectively (Fig. 2C) . The longer 10-mer tracers also had affinities that were similar to those of their corresponding 5-mers, suggesting that most of the affinity of the interaction is engendered by the EEVD motif.
The results of the fluorescence polarization experiments suggested that the methionine of the MEEVD motif in Hsp90␣/␤ may increase affinity for PP5. To test this hypothesis in more detail, we constructed tracers in which this position was mutated. Specifically, the methionine of the Hsp90␣ tracer was mutated to an isoleucine and the corresponding isoleucine of the Hsp72 tracer was mutated to methionine. As expected, the Hsp72 mutant tracer had higher affinity than the Hsp90␣ mutant tracer (0.133 Ϯ 0.03 and 0.42 Ϯ 0.02 M) (Fig. 2D) . These results clearly showed that the methionine contributed to the greater affinity of Hsp90-derived peptides for PP5.
To further confirm these binding studies, we performed competition studies to compete unlabeled peptide with labeled peptide. The IC 50 values for the isoforms of HSP90 again showed higher affinity than HSP70 peptides in all four tracer competition assays (Fig. 3, A-D) . For these experiments, PP5 protein was added at a molar concentration that was equal to 
TABLE 1 Peptides used in fluorescence polarization assay
Hsp70/90 C-terminal peptides used in fluorescence polarization assays are shown here. For binding experiments, each peptide tracer/probe contained a 5-carboxyfluorescein-labeled amino terminus. Labels were connected to peptides through an aminohexanoic acid linker. Additionally, for competitive binding experiments, each unlabeled peptide competitor contained a free amino-terminal end. Mutant residues in the C-terminal tracer are in boldface and underlined type.
C-terminal peptide sequences
Corresponding human chaperones 
MEEVD
PP5 Binds Hsp70 and Hsp90 in Different
Arrangements-To better understand how the chaperones bind PP5, we incubated full-length Hsp70 or Hsp90 with PP5 and analyzed the complexes by SEC-MALS to obtain an accurate measurement of the molecular weight and stoichiometry of the complexes (35) . Additionally, both Hsp70 and Hsp90 are ATPases, and they undergo dramatic conformational changes in response to nucleotides (36, 37) . When equimolar PP5 and Hsp70 are incubated and analyzed by SEC-MALS, a single peak predominates and is shifted in elution volume compared with individual runs of Hsp70 and PP5 (Fig. 4A) , indicating the formation of an Hsp70-PP5 complex. The average molecular weight of this peak was determined to be 145 kDa, and based on a comparison with a 126-kDa molecular weight calculated from the sequence, this corresponds to a 1:1 complex of Hsp70:PP5. When the Hsp90 dimer and PP5 are incubated together, a single, shifted peak is observed as well, with a modest increase in molecular weight, 232 kDa compared with 190 kDa for Hsp90 alone (Fig. 4B) . This corresponds to an average of less than one PP5 bound per Hsp90 dimer indicating the formation of an asymmetric complex of Hp90:PP5 with a 2:1 stoichiometry despite the presence of two MEEVD binding sites in the Hsp90 dimer. The Hsp90-PP5 interaction is likely weaker in affinity, resulting in a partial dissociation during the elution, explaining the lower average molecular weight. The presence of saturating amounts of ATP and ADP were tested but resulted in no changes the molecular weight of the Hsp90-PP5 complex. Differences in the average molecular weight measured by SEC-MALS compared with the protein sequence were likely due to minor presence of aggregated PP5 and Hsp90 tetramer species (data not shown). Overall, these results demonstrate that PP5 binds full-length Hsp70 and Hsp90 in vitro in different arrangements. Hsp70-PP5 is in a stable 1:1 complex, whereas Hsp90-PP5 is in a 2:1 arrangement and may be slightly weaker in affinity compared with Hsp70.
Hsc70 and PP5 Move Independently within the Complex-To explore the Hsp70-PP5 complex in greater detail, we utilized solution state NMR. A 1 H-15 N TROSY HSQC spectrum was collected for 15 N-labeled Hsc70 (1-646) in the ADP-bound state (Fig. 5A in blue) . As identified in our previous study where we investigated the interaction of Hsc70 with the highly homologous TPR protein CHIP (38) , the middle of the TROSY spectrum (ϳ7.5 to 8.5 ppm) is dominated by intense sharp resonances with a signal-to-noise ratio (SNR) of ϳ250:1 (Fig. 5A) . These resonance were assigned using triple resonance experiments to residues 612-646 in C-terminal tail of Hsc70 as well as to a N-terminal extension containing a tag (38) . The strong intensity of these resonances, as well as the lack of spectral dispersion, indicated that the C-terminal region (612-646) of Hsc70, including the IEEVD motif, is a dynamically disordered random coil. Based on comparison with published spectra of the isolated nucleotide-binding domain (NBD) and the substrate-binding domain (SBD), the much weaker signals with SNR ϳ 8:1 in the well dispersed part of the NMR spectrum in Fig. 5 originate from the 45-kDa Hsc70 NBD and 25-kDa SBD (38) . In the ADP state, these domains are tethered by a ϳ10-residue linker and move relatively independently (39 -41) . The large difference in peak intensity between the core region and the C terminus is due to the large difference in TROSY transfer efficiency in molecules with an effective molecular mass of 25-45 kDa and a flexible tail with a much smaller effective molecular mass (which one estimates to be ϳ10 kDa on the basis of this intensity difference, see Table 2 and its legend). Increasing the contour level of the spectra focuses on the dynamically disordered region, which included the IEEVD motif (Fig. 5B) . 5A ). This result is unexpected. If the 60-kDa PP5 were to form a rigid 85-kDa complex with the 25-kDa SBD, the SBD TROSY resonance intensities in the complex should drop 180-fold and become invisible; if it were to form a 105-kDa complex with the 45-kDa NBD, the NBD TROSY resonance intensities should drop 160-fold and become invisible; if it were to form a 130-kDa triple complex with SBD and NBD, the latter resonance intensities would drop 7000 and 1500 times, respectively (see Table 2 and its legend for these calculations). In other words, if Hsc70 and PP5 were to form a rigid complex with either the SBD or NBD, the complexes TROSY-HSQC NMR spectrum would become undetectable at the conditions used. In these scenarios, the NMR spectrum of the 15% uncomplexed Hsc70 would also drop below the SNR limit. Hence, as we observe a largely unperturbed NMR spectrum for the Hsc70 core in the complex, we must conclude that the NMR data shows that the core regions of Hsc70 do not form stable complexes with PP5. The NMR data do show that PP5 interacts with the C terminus of Hsc70. Several resonances in the high-level contour plot (Fig. 5B) disappeared and/or shifted in the 1:1 complex with PP5 (red spectrum). In particular, the intense resonances of the IEEVD motif residues disappeared completely from the NMR spectrum (Fig. 5, B and C) , without new resonances appearing (also not at lower contour levels). This result is consistent with the dynamic C terminus of an effective molecular mass of 10 kDa being immobilized by the 58-kDa PP5 protein forming a ϳ70 kDa complex. Table 2 shows that such a change in effective molecular weight results in a 430-fold reduction in TROSY peak intensity, which renders even peaks with an initial SNR of ϳ250:1 invisible. We do not observe resonances for the ϳ15% free Hsc70, which should have an intrinsic ϳ40:1 SNR. It is most likely that the protein concentration estimation is not accurate and that there is no free Hsc70 in the sample.
Very significantly, the NMR spectra also show that the remaining peaks of the C-terminal region (residues 610 -640) do not disappear. This strongly suggests that this area, located between the SBD of Hsc70 and the IEEVD motif, remains a dynamic random coil in the Hsc70-PP5 complex. Thus, the two proteins, although tightly bound through the IEEVD-TPR interaction, appear to move as dynamic, independent units tethered via Hsc70 residues 610 -640.
Hsp70 Stimulates the Phosphatase Activity of PP5-To further understand the functional consequence of the Hsp70-PP5 interaction, we utilized an in vitro phosphatase assay. Previous work illustrates that PP5 maintains a basal level of phosphatase activity, which can be weakly stimulated by Hsp90 (14) . Thus, we assessed the ability of PP5 to hydrolyze the model substrate, p-nitrophenyl phosphate in the presence of Hsp70 or Hsp90. Importantly, neither Hsp70 nor Hsp90 interfered with the assay (Fig. 6B) , allowing us to determine their effects on PP5. Moreover, PP5 basal activity was very weak (Fig. 6A) , consistent with previous reports (4) . Interestingly, Hsp70 stimulated the phosphatase activity of PP5, and this stimulatory activity was much greater than that of Hsp90 (Fig. 6A) . In addition, we also tested whether 10mer C-terminal peptides (Hsp90␣, Hsp90␤, Hsc70, and Hsp72) would also stimulate PP5 activity. The data showed very little stimulation of PP5 activity when peptides were used (data not shown). These results suggest that the full length of Hsp70 may play a significant role in activating the enzymatic activity of PP5.
DISCUSSION
The chaperone activities of Hsp90 and Hsp70 are guided by interactions with co-chaperones, including members of the TPR domain family. In turn, Hsp90 and Hsp70 are thought to direct the activity of these co-chaperones toward specific clients. Our studies confirmed that PP5 is a bona fide member of the TPR co-chaperone family and that it binds to both Hsp90 and Hsp70 through its TPR domain. Furthermore, we found that Hsp90␣ and Hsp90␤ bind 10-fold tighter than Hsp70 family members. It is not yet clear whether this difference in affinity has physiological importance. However, our study suggests that methionine plays important role in the affinity. Binding studies showed that most of the affinity of the Hsp70-PP5 and Hsp90-PP5 interactions is engendered by polar contacts with the EEVD motif, and NMR studies confirmed that there are no significant stable interactions between other regions of the two proteins.
The independent motion (tethered binding) of Hsp70 and PP5 in the solution complex suggests that the folded regions of these proteins are able to sample a relatively wide area. In the fully extended form, the disordered C terminus of Hsp70 could be expected to extend nearly 40 Å. We speculate that this flexibility and length might be important in allowing PP5 to find phosphorylated residues in bound Hsp70 clients. Hsp70 clients are thought to include a number of kinases and transcription factors involved in apoptotic signaling. These clients have a wide range of sizes and shapes, so the flexibility of the tethered Hsp70-PP5 complex might be important in bringing activated PP5 in the vicinity of phosphorylated residues on these diverse targets.
Exclusive, tethered binding to the Hsc70 EEVD terminus was recently observed for CHIP, an E3 ubiquitin ligase containing a TPR domain highly homologous to that of PP5 (38) . CHIP mediates broad-spectrum ubiquitination of Hsc70 client proteins destined for the proteasome. For CHIP, tethered binding was thought to be important to allow the ligase to ubiquitinate 3 . The relevant line widths during these transfers are listed in the column marked " 1 HN HSQC LW." Rel., relative. d The peak height for 10 kDa was taken as a standard. The peak heights for other molecular weights were computed by taking the ratio of the relevant transfer efficiencies divided by the ratio of the relevant 1 H TROSY linewidths (the latter affects peak height during data acquisition). The effect of increasing 15 N line width on the TROSY peak intensity is minimal because of the short 15 N acquisition time used and was not included in the calculation; a.u., absorbance units.
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diverse Hsp70 clients. Similar mechanisms might also be important in the Hsp90-PP5 complex because Hsp90 also has a disordered region between its MEEVD motif and the folded portion of its C terminus.
We found that Hsp70 was a potent stimulator of the phosphatase activity of PP5. It is likely that binding of the IEEVD motif to the TPR disrupts the auto-inhibitory activity of the TPR domain, as has been observed in the Hsp90-PP5 system (14) . This agrees with our observation that PP5 forms a stable 1:1 interaction with Hsp70. Based on our purification methods we expect Hsp70 favors the ADP-bound state in this complex. Because the ADP-bound form of Hsp70 has a tighter affinity for clients, this conformation might provide a way for stimulated PP5 to be held in proximity with Hsp70-bound clients for a length of time that is sufficient to allow dephosphorylation. In turn, this mechanism would limit the phosphatase activity of PP5 once it leaves the chaperone complexes, providing a reversible switch that responds to chaperone activity. Surprisingly, we found that in the context of the full-length protein, Hsp90 interaction appears asymmetric and likely weaker compared with Hsp70. This is in contrast to the 10-fold tighter affinity we identified for the Hsp90 MEEVD motif compared with the Hsp70 IEEVD. Thus, Hsp90 might use a different mechanism potentially involving client interactions or Hsp90 conformational changes that enable accessibility to the MEEVD to enhance PP5 interactions with phosphorylated clients.
Finally, these results point to the Hsp70-PP5 and Hsp90-PP5 protein-protein interactions as potential drug targets. PP5 has been proposed as an anti-tumor target (9) , but the active sites of PPP family phosphatases are highly conserved and it has proven difficult to identify selective inhibitors. Based on our results, inhibitors of the protein-protein interactions between PP5 and the molecular chaperones might be an attractive alternative. Specifically, inhibitors of these protein-protein interactions might be expected to dysregulate kinase-phosphatase balance through multiple mechanisms, disconnecting PP5 from a major activation pathway and disrupting its chaperone-mediated ability to locate clients.
